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We investigate the spin-wave excitation in microscopic waveguides fabricated by localized Cr+ ion implan-
tation in a ferromagnetic Ni81Fe19 film. We demonstrate that spin-wave waveguides can be conveniently
made by this technique. The magnetic patterning technique yields an increased damping and a reduction
in saturation magnetization in the implanted regions that can be extracted from Brillouin light scattering
measurements of the spin-wave excitation spectra. Furthermore, the waveguide performance as well as the
internal field of the waveguide depend on the doping fluence. The results prove that localized ion implantation
is a powerful tool for the patterning of magnon spintronic devices.
The field of spin dynamics and spintronics has
greatly benefited from micro- and nanopatterning tech-
niques. The advancement of research on small magnetic
structures1–4 strongly depends on the possibility to fab-
ricate structures of accurate sizes and shapes. Based on
these developments, the focus of many investigation has
turned to the realization of spin logic devices, which use
the electron spin5 or spin waves as information carrier.6–8
In order to establish a pure spin-wave logic architec-
ture, there is a need for spin-wave conduits for the trans-
port of spin information between the individual logic de-
vices. Thus, the fabrication and investigation of spin-
wave waveguides9–12 has become a major research topic
in the field of magnon spintronics. Currently, spin-wave
waveguides with nanometer thicknesses and widths of
several micrometers are fabricated by topographically
patterning thin magnetic stripes onto a substrate that
is usually nonmagnetic. However, the potential of other
waveguide fabrication techniques have not been explored
up to now, although they might contribute to an im-
provement of waveguide properties that were not acces-
sible so far, such as, e.g., the inhomogeneity of the in-
ternal magnetic field.13 In that respect, ion implanta-
tion of ferromagnetic films is a promising technique for
the fabrication of thin films with microscopic magnetic
substructures.14–16 The different components contribut-
ing to the change in the magnetic properties due to Cr+
ion implantation in Ni81Fe19 films have been thoroughly
investigated.17
In this letter a purely magnetic microscopic structuring
of spin-wave waveguides by localized ion implantation in
a Ni81Fe19 film is presented. We have designed a stripe
shaped area with unchanged magnetic properties, embed-
ded in a film with a reduced saturation magnetization MS
and an increased damping α. It is shown that the spin-
wave distribution within the stripe has similar proper-
FIG. 1. (Color online) Schematic sample setup. A Ni81Fe19
film with a thickness of 20 nm is grown on top of a Si/SiO2
substrate. By localized implantation of Cr+ ions the magnetic
properties of the implanted parts of the film are changed while
a shielded region yields a 2µm wide Ni81Fe19 stripe with un-
changed properties embedded in the film. A subsequently
produced Cu microwave antenna serves as excitation source
for spin waves. The two measurement positions for the in-
vestigations from Fig. 2 are marked by a red and white circle,
respectively. The external magnetic field is applied along the
short axis of the Ni81Fe19 stripe.
ties as in a topographically patterned Ni81Fe19 reference
waveguide, if MS in the surrounding implanted region is
decreased below at least 66% of its original value. The
spin-wave excitation spectra also indicate an influence of
the reduced magnetization of the implanted region on
the internal magnetic field of the Ni81Fe19 stripe. Hence,
by localized ion implantation it is possible to create and
adjust the properties of spin-wave waveguides by pure
magnetic patterning.
A schematic of the sample setup is shown in
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2Fig. 1. A 20 nm thick Ni81Fe19 film is grown onto a
Si/SiO2(200nm) substrate by molecular beam epitaxy
(MBE). Subsequently, a lithographically structured poly-
methyl methacrylate (PMMA) resist mask is fabricated
on top of the film via electron beam lithography. The
magnetic patterning is achieved by exposing the sample
to a broad beam irradiation of 30 keV Cr+ ions. This lo-
calized ion implantation in the areas which are not cov-
ered by the PMMA leads to the creation of 2µm wide
stripes with unchanged magnetic properties embedded in
the implanted film. Due to the doping, this surrounding
film has been modified in its saturation magnetization
and damping. Using lift-off, a Cu antenna with a width
of 1µm and a thickness of 500 nm is fabricated across the
stripes for the excitation of spin waves in the ferromag-
netic film by the Oersted field of an applied microwave
current. Depending on the ion fluence the modifica-
tion of the Ni81Fe19 properties changes accordingly and,
thus, the influence on the spin-wave properties varies.
For this reason a series of samples has been fabricated
with varying Cr+ fluences of 2.2 · 1015 ions/cm2 (sample
A), 6.6 ·1015 ions/cm2 (sample B) and 1.1 ·1016 ions/cm2
(sample C).
For an initial characterization of the magnetization dy-
namics inside the modified film, the spin-wave excita-
tion spectrum is recorded using Brillouin light scatter-
ing (BLS) microscopy. This technique is based on the
inelastic scattering of laser light with spin waves and
stands out due to its high sensitivity combined with a
high spectral and spatial resolution.18 The spin-wave ex-
citation spectra are taken at the position of the stripe
and in the implanted region, respectively, as indicated
by the two circles in Fig. 1. For this, an in-plane static
magnetic field of µ0Hext = 30 mT is applied perpendic-
ularly to the stripe’s long axis, and a microwave current
with varying frequency is applied to the antenna. The
left column of Fig. 2 shows the resulting spin-wave ex-
citation spectra. The doping causes a shift of the exci-
tation spectra to lower frequencies in the irradiated ar-
eas. This allows for a quantitative analysis of the reduc-
tion of the saturation magnetization by calculating the
spin-wave dispersion relation19,20 and treating MS as a
fit parameter to match the experimental data (see solid
lines in the right column of Fig. 2). With increasing ion
fluence a reduction of MS to values of 0.80M
0
S (sample
A), 0.66M0S (sample B) and 0.52M
0
S (sample C) is deter-
mined, where M0S = 860 kA/m is the saturation magneti-
zation of the non-irradiated Ni81Fe19 film. Using the ap-
proach shown in Ref. 21, the same magnetization values
are found by polar magneto-optical Kerr effect measure-
ments on equally implanted Ni81Fe19 films. Furthermore,
the decrease in the BLS signal in the implanted region
(solid lines) with respect to the unchanged stripe regions
(dotted lines) indicates an increase in the damping con-
stant α in accordance to Ref. 17. However, a quantita-
tive analysis of the change in α is not possible, since the
absolute spin-wave intensities of different samples vary
drastically and cannot be compared.
FIG. 2. (Color online) Experimentally observed spin-wave
resonance spectra (left column) and calculated dispersion re-
lations (right column) of magnetically patterned samples with
different ion fluences compared to a topographically patterned
reference sample. The resonance spectra have been recorded
on the non-irradiated stripe (dotted lines) as well as on the
implanted region of the film (solid lines) using Brillouin light
scattering microscopy. The dashed lines in the left column
indicate the frequency of the measurements in Fig. 3(a). The
right column contains fitting values for the internal magnetic
field and the normalized saturation magnetization.
The results are in good agreement with previous in-
vestigations of Cr+ implanted Ni81Fe19 films
17 which, in
addition, revealed a radiation-induced damage of the film
surface and interface to a buffer layer. In the present case,
atomic force microscopy (AFM) measurements of the sur-
face profile show a thickness reduction of the Ni81Fe19
3layer in the implanted area of up to 5 nm. The reduced
film thickness of the implanted region has been consid-
ered in the above calculations of the spin-wave dispersion
relation. However, its influence is negligible compared to
the change in MS for the dipolar dominated spin waves
analyzed in this study. Moreover, a possible difference
in the stripe width between different samples (caused by
the varying irradiation fluence of the Cr+ ions) can be
excluded by the AFM measurements.
Figure 2 also displays experimental spin-wave excita-
tion spectra, which have been recorded on the non-
irradiated stripe region (dotted lines) as well as on a
topographically patterned Ni81Fe19 stripe serving as a
reference. A comparison of the respective lower onset
frequency (Ferromagnetic Resonance) of the spectrum
shows that with increasing ion fluence the excitation
spectrum is shifted to lower frequencies and approaches
the spectrum of the reference sample. Since the stripe
area has not been changed in its material properties, i.e.
MS is unchanged, the influence on the spin-wave spec-
trum must be a result of the modification in the mag-
netic properties of the surrounding film. This long range
interaction of the implanted film on the stripe region is
reflected in the demagnetizing fields Bdemag, which are
created at the edges of the stripe. In the case of a small
reduction of MS in the implanted regions the stray fields
in the stripe will be negligible, resulting in an internal
field Bint = µ0Hext + Bdemag ≈ µ0Hext. However, for a
strong reduction in the saturation magnetization in the
irradiated region a higher stray field originates from the
boundaries of the stripe, which is directed opposite to the
external field. Using Bint as a fitting parameter in the
calculation of the dispersion relation22 allows for an eval-
uation of the internal field from the experimental data.
The resultingBint values given in Fig. 2 confirm the above
assumptions: With increasing ion fluence the internal
magnetic field of the samples converges to the field value
of the reference sample, which represents the minimum
(i.e. zero) magnetic moment outside the stripe area and
thus the highest possible stray-field induced reduction of
Bint. Thus, the fabrication of spin-wave waveguides by
ion implantation allows for a manipulation of the internal
magnetic field inside the waveguide.
As a next step, the spin-wave intensity distribution
in the implanted films is investigated with respect to
the suitability of the Ni81Fe19 stripe to act as a spin-
wave waveguide. Spin waves are excited by the an-
tenna with a frequency close to the Ferromagnetic Reso-
nance, as indicated by the dashed lines in the left col-
umn of Fig. 2. An in-plane static external magnetic
field of µ0Hext = 30 mT is applied perpendicularly to
the stripe’s long axis (Damon-Eshbach geometry). The
spin-wave propagation along the stripe is studied using
BLS microscopy by recording two-dimensional maps of
the spatial spin-wave intensity distribution with a reso-
lution of about 300 nm. Beside the implanted films the
topographically patterned reference waveguide has also
been studied. The results are shown in Fig. 3(a). The
FIG. 3. (Color online) (a) Color-coded spin-wave intensity
distribution in the magnetically patterned Ni81Fe19 films and
the reference waveguide. The position of the stripe with un-
changed magnetic properties is indicated by the white dashed
lines. Spin waves are excited by the antenna at x = 0µm. (b)
Dependence of the width of the transverse spin-wave mode
profiles on the spin-wave frequency. The width of the mode
profiles has been measured by evaluating the full width at half
maximum (FWHM). The experimental precision is indicated
by the error bar.
spin-wave intensity is color coded and plotted as a func-
tion of the position on the film with the antenna being at
x = 0 mm, the dashed lines indicate the stripe position.
Compared to the reference waveguide, the spin-wave in-
tensity pattern in the case of sample A differs signifi-
cantly. Although a higher decay length can be assumed
in the stripe region, there is significant excitation of spin
waves in the implanted regions. In contrast, the spin-
wave intensity distribution is concentrated to the stripe
region in the case of samples B and C and resembles the
reference waveguide pattern, indicating a waveguide-like
behavior. This change in the waveguide performance can
be understood using the results of Fig. 2. For each sam-
ple the respective excitation frequency is indicated by a
dashed line. While for sample A the excitation efficiency
in both the implanted and the stripe region is similar, a
pronounced difference is obtained in the case of samples
B and C. This is attributed to both a change in MS and in
α, since the former prevents the spreading of spin waves
in the regions outside the stripe by shifting and narrow-
ing the excitation spectrum in frequency while the latter
4decreases their lifetime. Consequently, the excitation and
subsequent propagation of spin waves is confined to the
stripe regions, leading to a waveguide-like behavior.
For a more quantitative view on the waveguide per-
formance, the transverse spin-wave intensity profiles are
measured by scanning the BLS laser focus along the short
axis of the stripe. The width of the intensity distribution
is analyzed by determining the full width at half maxi-
mum (FWHM). Figure 3(b) depicts the resulting FWHM
values as a function of the applied spin-wave excitation
frequency. In the case of sample A the FWHM strongly
decreases with increasing excitation frequency. This de-
viates from the observation on samples B and C, where
the width of the profiles is unaffected by the change in the
microwave frequency. The latter also exhibit the same
FWHM values as the reference waveguide within the ex-
perimental precision as indicated by the error bar. In
the reference waveguide, the lateral confinement of the
spin waves along the waveguide width leads to the for-
mation of quantized transverse waveguide modes.1 The
width of these modes depends on the transverse wave
vector component, which is quantized along the short
stripe axis and hence constant for a given mode num-
ber. Obviously, this quantization along the short stripe
axis is given in samples B and C due to the mismatch of
the dispersion relations of the implanted region and that
of the stripe, respectively, (see Fig. 2), which prevents
the propagation of spin waves excited in the stripe into
the implanted regions. However, in the case of sample A,
the two dispersion relations converge with decreasing fre-
quency, resulting in an increased spreading of spin waves
over the whole film in accordance to the experimental
results shown in Fig. 3(b). Thus, the results prove that
the stripes of samples B and C can be considered as gen-
uine spin-wave waveguides and that a reduction of the
saturation magnetization in the implanted area to 66%
of its original value is sufficient to channel the spin waves
inside the magnetically patterned Ni81Fe19 stripe.
In conclusion, a purely magnetic patterning of a spin-
wave waveguide has been achieved by localized Cr+ ion
implantation in a Ni81Fe19 film. The waveguide perfor-
mance depends on the induced changes in the magnetic
properties and hence can be controlled by the doping in-
tensity. Moreover, having a waveguide inside a region
with a nonzero saturation magnetization allows for an
adjustment of the internal field of the waveguide. These
results show that the fabrication of spin-wave waveguides
by means of localized ion implantation provides potential
for the manipulation of various waveguide properties and
thus pioneers applications for spin-wave conduits in the
field of magnon spintronics.
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